ABSTRAC
Therefore, the laboratory model tests on the short piles to simulate the suction piles were conducted in this study, to investtigate the behavior characteristics of the suction pile. After embedding a short pile with a very small ratio of the pile length/ diameter into sands under the water, then the horizontal load test was conducted. From the results of model tests, the horizontal pullout resistance of the short pile was evaluated and the characteristic of lateral movements was also investigated.
THEORETICAL CONSIDERATIONS
The conventional studies on estimating the horizontal pullout resistance of the pile embedded in sands have been conducted by Raes (1936) , Broms (1964) , Petrasovits and Award (1972) , Meyerhof (1995) , Prasad and Chari (1999) , etc., and the bearing capacity of the suction pile was studied by Cho (2000) , Bang and Cho (2002) , Cho and Bang (2002) , Kim and Jang (2011) , etc. The Broms method is generally referred to as a representative method for calculating the lateral resistance of the pile in practice. Broms (1964) assumed the distributions of the deformation modes, soil reactions, and bending moments of a short pile under the horizontal load in sands, as shown in Fig. 1 , where K p is the coefficient of Rankine's passive earth pressure, and suggested a method to estimate the ultimate lateral resistance, as shown in Fig. 2 . Hong (1983) proposed a method to calculate the ultimate lateral resistance by a theoretical analysis considering the failure modes between the pile and the ground. for the free headed short piles in sands under lateral loads (Broms, 1964) . Fig. 2 Broms's solution for ultimate lateral resistance of the short piles in sands (Broms, 1964) . Bang and Cho (2002) reported that the pullout resistance of the suction anchor was affected by various factors, such as the soil type, loading direction, loading point, embedment depth, and anchor size etc. They reported, as the results of the study on the suction anchor under the lateral load, that the maximum lateral resistance occurred when the lateral load was acted at a depth of 0.8L of the pile, and that the lateral resistance increased as the length of the pile increased. Cho (2000) reported from an analytical study that the maximum ultimate lateral resistance of the suction pile embedded in sands occurred at a depth of 0.8L from the top of the pile, as shown in Fig. 3 . Kim and Jang (2011) conducted the centrifuge model tests on the suction pile under pullout loading according to the inclination angle, and reported that the maximum lateral resistance of the suction pile occurred when the lateral loading point was acted at a depth of around 0.75L from the top of the pile (see Fig. 4 ). Fig. 3 Ultimate lateral resistance of the suction pile in sands (Cho, 2000) . 
MODEL TEST APPARATUS AND PROCEDURES
In this study, the laboratory model tests were conducted to investigate the pullout behavior characteristics of the suction pile which was embedded in sands under the water. The model soil chamber was manufactured using steel materials and acrylic to prevent the frame from being deformed by the loading. The size of the model apparatus was 1,280mm × 1,000mm × 1,500mm (width × length × height), and its cross-sectional diagram is shown in Fig. 5 (see Fig. 6 ). As shown in this figure, the loading system was designed using pulleys, and the model tests were executed by loading the horizontal pullout loads on the short pile embedded in sands under the water. A partition wall was installed on the right-hand side of the model soil chamber, and there was a gap about 5mm wide in the partition wall. The pullout load was applied with the wire connected to the model pile through this gap. To prevent the soil particles from leaking through this gap, a thin non-woven fabric was attached onto the area around the gap (Kim, 2009 using the measured coordinates. The pullout load was applied at a speed of 2mm/min., and was measured by the load cell (with a capacity of 19.6 kN). The loads and displacements of the model pile were acquired by a data logger (TDS-602) during the horizontal loading test (Kim, 2009 ).
MODEL TEST RESULTS AND DISCUSSION
In this study, the model tests were executed to investigate the behavior characteristics of the suction pile embedded in sands under the horizontal pullout load. The short pile with a small ratio of L/D to simulate the suction pile was used in the model tests, and the horizontal loading test was executed with varying the diameter and length of the pile, and loading point. The pile with a diameter of 200mm and length of 400mm was excluded from the model tests in this study due to the size of the test soil chamber and the pile materials. Figs. 8 and 9 show the horizontal pullout load vs. displacement curves in various cases from the model test. Fig. 8 presents the case with the ratio of L/D of 1, and Fig. 9 the case with the ratio of L/D of 2. These figures show the relationships between the horizontal pullout load and displacement at the different loading points. As a result of model tests, the ultimate horizontal pullout load increased in all cases, regardless of the pile length and diameter, as the loading point moved down to the bottom of the pile from the top, then the maximum value was occurred at approximately h/L = 0.75, and decreased afterwards. Such results coincided with the results of the centrifuge model tests conducted by Kim and Jang (2011) , and appeared similar to the results of Cho (2000) . And as the pile diameter and length increased, the ultimate horizontal pullout load increased, and the initial slope of the horizontal pullout load vs. displacement curve also increased slightly. Table 1 presents the ultimate horizontal pullout load evaluated from the horizontal pullout load vs. displacement curves by the model tests. In this study, the ultimate horizontal pullout load was evaluated using three methods: the maximum load method, Davisson (1972) method, and Δ = 0.1 D method (Terzaghi, 1943) , and the average values of the ultimate horizontal pullout loads evaluated using those methods are presented in Table 1 . Fig. 10 shows the relationship between the loading point and the horizontal pullout load, where the dotted line represents the case of L/D = 1 and the solid line the case of L/D = 2. As shown in Fig. 10 , all the cases show a tendency for the ultimate horizontal pullout load to increase as the loading point moves down to the bottom of the pile, regardless of the length and diameter of pile, to present the maximum value at approximately h/L = 0.75, and to decrease afterwards. In addition, the ultimate horizontal pullout load increased as the length and diameter of the pile increased.
(a) D = 100mm.
(b) D = 150mm. Fig. 9 Relationship between the horizontal pullout load and displacement of the pile with L/D = 2. Fig. 10 Relationship between the ultimate pullout load and the loading point.
In this study, to investigate the movement pattern of the pile during loading the horizontal pullout precisely, the wire displacement transducers were separately connected to the two points at the top of the model pile in the horizontal and vertical directions, and the coordinates at the two points were measured. When the horizontal pullout load applied to the pile, the pile moved towards the pullout direction and rotated simultaneously. Fig. 11 shows the rotational and translational movements of the pile during loading the horizontal pullout, which are the result of the model test on the pile with a diameter of 150mm. Fig.  11(a) shows the test results of the case of L/D = 1, and (b) the case of L/D = 2. From these figures, when the horizontal pullout load acted at the upper part above the middle of the pile, the upper part of the pile rotated clockwise and moved to the pullout direction, i.e. experienced rotational and translational movements simultaneously. And as the loading point was moved to the lower part of the pile from the top, the rotational angle of the pile decreased. On the other hand, when the horizontal pullout load acted at the lower part of the pile, the upper part of the pile moved horizontally with rotating counterclockwise (i.e., the opposite direction of the pullout loading), but the rotational angle of the pile was very small. Table 2 presents the rotational angles of the pile when a horizontal displacement corresponds to 10% of the pile diameter. As the loading point moved down from the top of the pile to the bottom, the rotational angle of the pile decreased, and the pile showed a tendency to move horizontally almost without rotating at h/L = 0.5 and 0.75. In addition, as the ratio of L/D increased, the rotational angle decreased. When the horizontal pullout load acted at the side surface of the pile, the pile generally moved to the pullout direction and rotated simultaneously. As explained earlier, the movement patterns of the pile are varied depending on the loading position where the pullout load acts. Fig. 12 shows the translational and rotational movement pattern of the pile in the case of loading on the top end (h/L = 0.05) of the pile. As shown in Fig. 12 , the pile under the horizontal pullout load appeared to have been moving while rotating around a certain pivot point. Such tendency was similarly observed at all the piles that were used for the model test. The pivot point of the pile under the horizontal pullout load can be calculated using the coordinate values at the two points measured during the horizontal loading test. The movement path of the pivot points calculated with such method is presented in Fig. 13 , which is the case of a pile of 150mm diameter with the ratio of L/D of 1. When the horizontal pullout load acted at the upper part of the pile, the pile rotated clockwise and moved the pullout direction, and the pivot point of the pile was located at about 200-220mm (i.e., 1.33L~1.47L) depth below the ground surface. When the horizontal pullout load acted at the middle of the pile, the pile initially moved horizontally, then continued moving and rotating repeatedly, and the pivot point of the pile was located irregularly at about 250-350mm (i.e., 1.67L~2.33L) depth below the ground surface. On the other hand, when the horizontal pullout load acted at the lower part of the pile, the pile moved almost horizontally, and the pivot point of the pile was located at approximately -20~25mm (i.e., -0.13L~0.17L) below the ground surface. Table 3 presents the position of the pivot point of the pile under the horizontal pullout load according to the diameter and length of the pile, and the loading point. When the horizontal pullout load acted at the upper part above the middle of the pile, the pivot point of the pile was positioned at 150-360mm (i.e., 1.0L~2.4L) depth below the ground surface. On the other hand, when the horizontal pullout load acted at the lower part of the pile, the pivot point of the pile was positioned at 20-100mm (i.e., 0.13L~0.67L) depth below the ground surface, except the pile of 100mm diameter with L/D = 1. As a result, the pivot point of the pile moved closer to the ground surface as the loading point moved down to the lower part of the pile, while the pivot point moved to the deeper depth below the ground surface as the ratio of L/D increased.
From Fig. 13 and Table 3 , the pivot point of the pile was positioned below the ground when the horizontal pullout load acted at the upper part above the middle of the pile, while the pivot point moved close to the ground surface when the load acted at the lower part of the pile. This means that the translational and rotational movements of the pile under the pullout load were irregularly occurred at the initial stage, but when the load increased to some extent, the pile rotated and moved around a certain pivot point. That is, when the horizontal pullout load acts at the pile, the pile doesn't rotate from the beginning. The pile is located to a certain position in the soils as the other part of the pile not to be acted the pullout load moves slightly towards the opposite direction to the pullout direction, then the pile moves to the pullout direction. And afterwards, the pile rotates and moves around a pivot point. The pile under the horizontal pullout load rotates and moves horizontally, and the loading points always vary non-parallel to the ground surface during loading the pullout. The position of loading point can be calculated from the coordinates at two points of the pile under the horizontal pullout load. Table 4 . From this table, when the horizontal pullout load acts at the bottom of the pile, the movement path of the loading point pile moves horizontally almost without being inclined. In addition, all the cases showed a tendency for the inclination angle of the loading point path to decrease as the loading point moved down from the top of the pile to the bottom and the ratio of L/D increased. 
CONCLUSIONS
The lateral behavior characteristics of the suction pile installed in sands was investigated in this study. The laboratory model tests were conducted on the pile with small ratio of L/D, to simulate the suction pile. From the tests which were varied the diameter and length of the pile and loading points, the horizontal pullout load and the translational and rotational movements of the pile were investigated, and the following conclusions were obtained.
As a result of model tests, the ultimate horizontal pullout load of the pile embedded in sands increased as the loading point (h/L) moved down to the bottom from the top of the pile, regardless of the ratio of L/D, presented the maximum value at h/L = 0.75, and decreased afterwards. When the horizontal pullout load acted on the upper part above the middle of the pile, the pile rotated clockwise and moved to the pullout direction, and the pivot point of the pile was positioned at 150-360mm (i.e., 1.0 L~2.4L) depth below the ground surface. On the other hand, when the horizontal pullout load acted on the lower part of the pile, the pile rotated counterclockwise and moved to the pullout direction, and the rotational angle was very small. The pivot point of the pile was positioned at 20-100mm depth (i.e., 0.13L~0.67L) below the ground surface. Thus, the inclination angles of the loading point path showed a tendency to decrease in all cases as the loading point of the horizontal pullout load moved down to the bottom of the pile from the top, and as the ratio of L/D increased. In addition, the rotational angle of the pile became smaller, and the pivot point of the pile appeared moving closer to the surface of the earth.
